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Technical Paper by J. Eun, J.S. McCartney, and D. Znidarčić 1 
ASSESSMENT OF APPROACHES TO OBTAIN EBULLITION PRESSURES FOR ORGANOPHILIC CLAY 2 
BLANKETS 3 
 4 
Abstract:  The objective of this study is to compare two experimental approaches to characterize 5 
the ebullition pressure (or air-entry suction) of initially water-saturated organophilic clay blankets. 6 
The first is an indirect approach using the water-retention curve (WRC) and the second is a direct 7 
approach using ebullition experiments. The WRC along with the hydraulic conductivity of 8 
organophilic clay blankets in saturated and unsaturated conditions were measured using a flexible-9 
wall permeameter with suction-saturation control. This device was also adapted to measure the 10 
ebullition pressure and the air permeability. The comparison of the experimental approaches was 11 
performed on organophilic clay blanket specimens in different initial conditions (unrinsed and 12 
rinsed to remove loose fines) under high and low effective confining stresses (20 and 5 kPa). The 13 
indirect estimates of air-entry suction from the WRC were similar to those obtained from the 14 
ebullition tests. This good agreement between the two approaches may add flexibility to the 15 
development of design specifications for capping systems. The hydraulic properties were found to 16 
be sensitive to rinsing and effective stress, with greater hydraulic conductivity and air permeability 17 
for the rinsed specimen due to the removal of fines, and greater air-entry suctions for specimens 18 
under higher effective stress.   19 
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INTRODUCTION 34 
Sediment capping has been shown to be a more effective, economic, and durable in-situ 35 
treatment to stabilize and remediate contaminated subaqueous sediments in lakes or rivers 36 
compared to ex-situ methods such as dredging (Locate et al. 2003; Reible et al. 2003, 2006; Yuan 37 
et al. 2007, 2009; Olsta 2010; Perelo 2010; Eun et al. 2012a,b; Ebrahimi et al. 2014, 2016; Zhang 38 
et al. 2016; Gu et al. 2017). From 1990 to 2006, approximately six million cubic meters of 39 
contaminated sediment have been removed and disposed of through the implementation of 71 40 
major environmental remediation projects in the United States (Zeller and Cushing 2006). In 41 
addition to potentially mobilizing organic contaminants in surface waters, the dredged sediments 42 
must be treated or disposed of in another containment system. Sediment capping systems on the 43 
other hand are intended to contain the contaminants in-situ.  44 
Early sediment capping systems involved several layers of granular material placed atop the 45 
contaminated sediment. However, an issue identified is that sand caps may lead to consolidation 46 
of the contaminated sediments, releasing contaminants from the sediment without a means of 47 
fixing them (Alshawabkeh et al. 2005). An alternative lightweight capping system used to confine 48 
contaminated sediments in lakes or rivers with a means of fixing released contaminants is shown 49 
in Figure 1(a). This system involves an organophilic clay blanket overlain by a surcharge layer of 50 
porous geomaterial (typically sand) and an armor layer (typically gravel) to prevent scour. The 51 
organophilic clay blanket contains sodium bentonite whose interlayer cations were exchanged with 52 
organocations to absorb organic contaminants. The treated sodium bentonite particles are 53 
hydrophobic and are different from untreated sodium bentonite that in the presence of water they 54 
will not hydrate and will remain inert like sand particles. However, they will absorb organic liquids 55 
and swell. The treated sodium bentonite particles are encapsulated between geotextiles that are 56 
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needle-punched together for ease of transport and placement. The intention of the composite 57 
blanket is to provide a permeable but lightweight (thin) composite material that can be placed 58 
underwater to replace a thicker and heavier sand cap.  59 
Sediment capping systems are intended to be water-permeable so as not to disturb the sediment 60 
during changes in water flow. However, a risk is that gases such as methane can be generated from 61 
the decomposition of organic matter in the sediment or other mechanisms and then become trapped 62 
beneath the organophilic clay blanket. Specifically, gas from the sediments will tend to move 63 
upward due to buoyancy but will not pass through the layers in the capping system until the gas 64 
pressure exceeds the gas-entry pressure of the different layers. The breakthrough of gas into an 65 
initially saturated media is referred to as ebullition, and the air-entry suction is often referred to as 66 
the ebullition pressure. Even after breakthrough at a given location, gas may accumulate in the 67 
case that gas generation rates are greater than the gas flow rate through the capping system. 68 
Without sufficient gas transport through a sediment capping system,  uplift failure may occur if 69 
the pressure in the gas trapped beneath the capping system exceeds the total overburden stress 70 
(Mohan et al. 2000; Alshawabkeh et al. 2005; Paul et al. 2005; McLinn and Stolzenburg 2009a, 71 
2009b; Chattopadhyay et al. 2010; Eun et al. 2012b). An example of a sediment capping system 72 
that failed by uplift is shown in Figure 1(b).  73 
The primary objective of this study is to compare the air-entry suctions of initially water-74 
saturated organophilic clay blankets obtained from indirect and direct approaches to provide a 75 
wider range of options for engineers when developing design specifications for capping systems 76 
incorporating organophilic clay blankets. The indirect approach involves estimation of the air-77 
entry suction from the water retention curve (WRC) of the organophilic clay blanket under 78 
different effective confining stresses. The direct approach involves ebullition experiments where 79 
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the air pressure is gradually increased to the boundary of an initially water-saturated organophilic 80 
clay blanket until breakthrough occurs. The advantage of using an indirect approach is that the 81 
testing procedures to determine the WRC of geosynthetic materials are well established in the 82 
literature (Nahlawhi et al. 2009; McCartney and Zornberg 2010; Zornberg et al. 2010) and are 83 
easier to perform reliably than ebullition experiments. In this study, the WRCs of organophilic 84 
clay blankets were measured using a flexible wall permeameter device described by McCartney 85 
and Znidarčić (2010). This device also permits measurement of the hydraulic conductivity function 86 
(HCF), which is inversely related to the gas permeability as the degree of saturation of the 87 
organophilic clay blanket changes. This device was also modified to directly measure the ebullition 88 
pressures and air permeability of organophilic clay blankets. The tests associated with the indirect 89 
and direct approaches were repeated for an organophilic clay blanket in the as-received condition 90 
under a higher effective stress of 20 kPa to represent a likely situation in the field, and a 91 
organophilic clay blanket rinsed with tap water to simulate the removal of loose fines during 92 
placement under a lower effective stress of 5 kPa to represent the effects of a thin overburden layer 93 
or scour of the armor layer.  94 
BACKGROUND 95 
Organophilic Clay Blankets 96 
Organophilic clay blankets are manufactured in a similar manner to geosynthetic clay liners 97 
and consist of a layer of organophilic clay (i.e., an active or adsorptive media suitable for capture 98 
of organic contaminants), encapsulated between geotextiles that are needle-punched together. 99 
Organophilic clay is a coarse material before reacting with organic contaminants such as light non-100 
aqueous phase liquids (Erten et al. 2012; Benson et al. 2015). Depending on the contaminant 101 
present in the sediment layer, other materials like Granular Activated Carbon, Attapulgite, Apatite, 102 
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or Zeolites, can be included to “fix” or absorb contaminants which are carried from the sediments 103 
by advective or diffusive flow. Although this study is focused on the gas ebullition and 104 
permeability behavior of organophilic clay blankets, similar gas ebullition problems may be 105 
encountered with these other fixing materials. Accordingly, a goal of this study is to evaluate 106 
methods to determine the ebullition pressure and hydraulic properties that may be extended to 107 
evaluate organophilic blankets created with these other fixing materials. 108 
Hydraulic Properties of Unsaturated Geomaterials 109 
When gas ebullition occurs, the organophilic clay blanket will become unsaturated. 110 
Accordingly, it is relevant to understand the hydraulic properties of organophilic clay blankets 111 
under both saturated conditions (i.e., before gas entry) and unsaturated conditions (i.e., after gas 112 
entry). Specifically, it is well known that the air-entry suction for a geomaterial is related to the 113 
shape of its water retention curve (WRC), which describes the water storage in the geomaterial as 114 
a function of the matric suction (the difference between the pore air and pore water pressures in an 115 
unsaturated geomaterial). It is common to determine equilibrium points on a WRC using one or 116 
more techniques described in ASTM D6836 or ASTM D7664, then fit a continuous function to 117 
these points. The most commonly used continuous function for the WRC is the model of van 118 
Genuchten (1980), given as follows: 119 
S௘ =  ቀ ଵଵା(஑ೡಸந)೙ೡಸቁ
௠      (1) 120 
where S௘ is the effective saturation equal to ௌିௌೝ೐ೞଵିௌೝ೐ೞ, S is the degree of saturation, Sres is the degree 121 
of saturation at residual conditions, ψ is the matric suction, αvG and nvG are fitting parameters 122 
specific to a given material, and m = (1-1/nvG). The parameter αvG is related to the inverse of the 123 
air-entry suction of the geomaterial and the parameter nvG is related to the pore size distribution of 124 
the geomaterial.  125 
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Water flow through an unsaturated organophilic clay blanket is assumed to be governed by 126 
Darcy’s law with a hydraulic conductivity value that depends on the effective saturation. The 127 
hydraulic conductivity of unsaturated organophilic clay blankets is inversely related to the gas 128 
permeability; the gas permeability reaches a maximum value when the hydraulic conductivity 129 
approaches a minimum value, and vice-versa. Nahlawi et al. (2007), Zornberg et al. (2010) and 130 
McCartney and Zornberg (2010) showed that the unsaturated hydraulic conductivity (k) of 131 
nonwoven geotextiles can be predicted from the parameters of the WRC in Eq. (1) using the van 132 
Genuchten-Mualem hydraulic conductivity function (HCF) (Mualem 1976; van Genuchten 1980). 133 
The van Genuchten-Mualem HCF is given as follows:  134 
𝑘(𝑆௘) = 𝑘௦௔௧ ·  𝑆௘ఛ ቂ1 − (1 − 𝑆௘
భ
೘)௠ቃ
ଶ
   (2) 135 
where ksat is the hydraulic conductivity at saturated conditions, τ is a tortuosity factor equal to 0.5 136 
(Mualem 1976), and m is the value obtained from fitting Eq. (1) to experimental WRC data. 137 
McCartney and Zornberg (2010) observed that the hydraulic conductivity of an unsaturated 138 
nonwoven geotextile decreased from 9.0×10-1 to 7.0×10-10 m/s for matric suction values increasing 139 
from 0.1 to 2.5 kPa. This trend in the hydraulic conductivity implies that in this matric suction 140 
range the gas permeability of organophilic clay blankets will increase rapidly after reaching the 141 
air-entry suction.  142 
MATERIALS AND METHODS 143 
Organophilic Clay Blanket Specimens 144 
The organophilic clay blanket evaluated in this study was a Reactive Core Mat® obtained from 145 
CETCO® and consisted of a layer of Organoclay® sandwiched between a nonwoven cap geotextile 146 
and a nonwoven carrier geotextile, as shown in Figure 2. The two geotextiles were needle punched 147 
together. The initial height of the blanket was 6 mm. The properties of the carrier geotextiles in 148 
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the organophilic clay blanket are summarized in Table 1. The particle size distribution of 149 
organophilic clay ranged from 0.09 to 2.50 mm based on a dry mechanical sieve analysis with 150 
characteristic particle sizes D30 of 0.56 mm and D60 of 0.72 mm, and a coefficient of uniformity 151 
Cu of 1.29. The particle size of the organophilic clay is relatively coarse, like a sandy soil. As 152 
mentioned, due to the chemical treatment of the smectite during manufacturing, the organophilic 153 
clay is nonreactive with water and is expected to have a relatively high hydraulic conductivity 154 
approaching that of sand. When the organophilic clay encounters organic contaminants, it will 155 
absorb the organic contaminants, swell, and experience a reduction in permeability. The specific 156 
gravity of the organophilic clay particles is 1.75, which is lighter than most soils. 157 
Specimen Preparation 158 
To prepare specimens for testing, the organophilic clay blanket in as-received conditions was 159 
compressed tightly against a plastic sheet using a steel cylinder having a diameter of 65 mm, which 160 
is the target diameter of the specimen. A razor blade was then used to trim around the edges of the 161 
cylinder to form the specimen. This approach was observed to lead to a well-defined circular 162 
specimen with minimal loss of the organophilic clay from the edges. Two different types of 163 
organophilic clay blanket specimens were prepared: a specimen in the as-received condition which 164 
represents the likely initial state for an organophilic clay blanket deployed in the field, and a 165 
specimen rinsed thoroughly in tap water to wash away any loose fines. The rinsed specimen was 166 
used to simulate an organophilic clay blanket that has had long-term interaction with water flow. 167 
The as-received specimen was tested under a relatively high effective confining stress of 20 kPa, 168 
while the rinsed specimen was tested under a lower overburden pressure to simulate a thin 169 
overburden layer or the case where the overburden and armor layers had eroded over time.  170 
 171 
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Flexible Wall Permeameter System 172 
The different tests on organophilic clay blankets in this study were performed using a flexible 173 
wall permeameter system developed by McCartney and Znidarčić (2010) shown in Figure 3. 174 
Although this system was originally developed to measure the hydraulic properties of saturated 175 
and unsaturated geosynthetics, it was also adapted in this study to perform ebullition and air 176 
permeability tests. A rigid wall permeameter was investigated in preliminary ebullition tests as 177 
part of this study, but sidewall leakage through the gap between the specimen and the wall of a 178 
rigid wall permeameter was observed. In addition to minimizing the effect of sidewall leakage, the 179 
flexible wall permeameter permits backpressure saturation of the specimens along with careful 180 
control of effective stress and changes in height. Unsaturated conditions can be controlled in the 181 
flexible wall permeameter system using the axis translation technique, which involves use of a 182 
high air-entry porous membrane to apply air and water pressures independently to a specimen. The 183 
pressure difference across the specimen is measured using a differential pressure transducer 184 
(model P55E from Validyne), which can measure both water and air pressures. The accuracy of 185 
the differential pressure transducer is ±0.1%, and a diaphragm was used in the transducer to permit 186 
measurement of differential pressures as small as 0.01 kPa. The air and water pressures can be 187 
applied using a pressure control panel. In addition, a flow pump connected to the bottom platen of 188 
the permeameter can be used to apply constant water pressures to the specimen while tracking 189 
outflow in WRC and HCF tests on unsaturated specimens, or to apply constant flow rates in 190 
hydraulic conductivity tests on saturated specimens. The measurements from the differential 191 
pressure transducer can be used to operate the pump in pressure-control mode. In ebullition testing, 192 
the air pressure can be applied using the pressure control panel, and after breakthrough air flow 193 
rates can be measured by transferring air from one reservoir to another. Alternatively, constant air 194 
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flow rates may be imposed after reaching the ebullition pressure using a mass flow controller from 195 
MKS Instruments. More details of the mass flow controller are given in Alsherif and McCartney 196 
(2015).   197 
Water Retention Curves 198 
Equilibrium points on the WRC of the organophilic clay blanket specimen were measured 199 
using the flexible permeameter device and the flow pump operating in suction-control mode. 200 
Although this technique is not covered in ASTM D6836 for determination of the WRC, it is 201 
consistent with Method B2 in ASTM D7664 for joint determination of the WRC and HCF. In the 202 
axis translation technique, the matric suction applied to a specimen is equal to the difference 203 
between the pore air and pore water pressures. Specifically, the air pressure applied to the upper 204 
side of the specimen is greater than the water pressure applied to the bottom side of the specimen. 205 
It is possible to independently apply pore air and pore water pressures to a specimen by placing a 206 
high air-entry porous membrane on the water-side of the specimen. Although other high air-entry 207 
porous materials like sintered clay may be used in the axis translation technique, McCartney and 208 
Znidarcic (2010) found that the use of a thin porous membrane provides less impedance to outflow 209 
from the specimen during hydraulic property measurements. The porous membrane used in this 210 
study is a cellulose sheet having a thickness of 0.05 mm and an air-entry suction of approximately 211 
100 kPa. When saturated with water, the high air-entry porous membrane only permits the passage 212 
of water until the difference in the air and water pressures across the specimen reaches 100 kPa.  213 
Backpressure saturation was used to initially saturate the organophilic clay blanket specimen 214 
with tap water within the flexible wall permeameter. After saturation of the specimen under a 215 
backpressure of 330 kPa, the specimen was consolidated to a desired initial effective confining 216 
stress (e.g., a cell pressure of 350 kPa and a backpressure of 330 kPa to apply an effective confining 217 
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stress σ' of 20 kPa on the un-rinsed specimen and a cell pressure of 350 kPa and a backpressure of 218 
345 kPa to apply an effective confining stress σ' of 5 kPa to the rinsed specimen).  The water was 219 
then flushed from the top side of the specimen so that the air pressure at the top of the specimen 220 
was equal to the water backpressure applied to the bottom side of the specimen (i.e., no flow 221 
condition).  222 
The flow pump was then used to extract water from the bottom of the specimen in stages to 223 
reach different target suction values following the approach of Znidarčić et al. (1991) and 224 
McCartney and Znidarčić (2010). To measure different equilibrium points on the WRC, a flow 225 
pump is used to control the volume of water extracted from an initially-saturated specimen. The 226 
flow pump is operated in suction-control model and applies a constant volumetric flow rate from 227 
the specimen until a target suction is reached, which is measured using the differential pressure 228 
transducer connected to the top and bottom of the specimen (i.e., the difference in the air pressure 229 
and the water pressure on across the specimen). An encoder on the pump is used to measure the 230 
volume of water extracted from the specimen can be used to directly calculate the degree of 231 
saturation of the specimen.  232 
After the suction measured by the differential pressure transducer reaches a target suction 233 
value, the suction inside the specimen may not be in equilibrium with this value. Specifically, the 234 
suction measured using the differential pressure transducer is only applicable to the boundaries of 235 
the specimen. The suction inside the specimen may take some time to reach hydraulic equilibrium 236 
with the suction value applied at the boundary. Accordingly, a feedback-control loop was used to 237 
operate the flow pump until reaching equilibrium under different target suction values. After 238 
reaching a target suction value, the flow pump is stopped and the suction at the boundaries of the 239 
specimen is then monitored using the differential pressure transducer. If the suction in the 240 
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specimen is not in equilibrium with the suction imposed at the specimen boundaries, water will 241 
flow toward the outflow face and the suction measured by the differential pressure transducer will 242 
decrease. If the measured suction decreases below a threshold value (i.e., 0.16 kPa lower than the 243 
target suction), the pump is operated again to draw more water from the specimen and bring the 244 
suction at the specimen boundaries back to the target suction. This iterative process is repeated 245 
until the measured suction at the specimen boundaries does not drop below the outflow face over 246 
the span of 5000 seconds (a time period selected by experience to signify equilibrium. At this point 247 
the suction within the specimen is assumed to be in equilibrium with the applied suction at the 248 
boundary of the specimen induced by the flow pump operation. The cumulative amount of water 249 
withdrawn from the specimen during this iterative process corresponds to the change in the degree 250 
of saturation of the specimen during each suction increment. After reaching equilibrium, the next 251 
value for the target suction is applied and the iterative process is repeated. After reaching the 252 
maximum target suction, the final volume was measured, the specimen was unloaded, and the final 253 
gravimetric water content was measured. Only the drying path WRC was investigated in this study 254 
due to the focus on the characterization of the air-entry suction.  255 
Hydraulic Conductivity Function 256 
Points on the HCF of the unsaturated organophilic clay blankets can be inferred from the 257 
outflow data from the WRC test. Specifically, the outflow data measured when applying a given 258 
suction value as part of reaching an equilibrium point on the WRC were analyzed using the 259 
approach described in ASTM D7664 method B2 (i.e., a multi-step outflow test with outflow data 260 
analyzed using Gardner’s method). Gardner’s method involves normalizing the curve of water 261 
outflow versus time for each suction value applied by plotting ln[(Vf-V)/Vf] versus time, where V 262 
is the outflow at a given moment in time and Vf is the final amount of outflow for a given suction 263 
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increment. The slope of the normalized outflow as a function of time is directly proportional to the 264 
diffusivity D, which can be calculated as the slope multiplied by 4H2/π2, where H is the specimen 265 
height. The diffusivity can then be used to calculate the hydraulic conductivity as follows, 266 
  𝑘 = 𝐷 ∆஘∆ந 𝛾௪       (3) 267 
where k is the hydraulic conductivity of an unsaturated specimen, θ is the volumetric water content, 268 
dθ/dψ is the slope of the WRC plotted in terms of the volumetric water content corresponding to 269 
the applied increment in suction, and γw is the unit weight of water. 270 
Determination of the Air Permeability 271 
The flexible-wall permeameter used to measure the hydraulic properties of the organophilic 272 
clay blankets was also adapted to measure the ebullition pressure and air permeability. 273 
Specifically, the same setup was used but without a high air-entry porous membrane. First, the 274 
organophilic clay blanket was back-pressure saturated with water after which the hydraulic 275 
conductivity was calculated from Darcy’s law by applying a constant flow rate through the 276 
specimen and measuring the gradient across the blanket using a differential pressure transducer. 277 
Next, the water was flushed from below the blanket with air. The air pressure was then gradually 278 
increased in small increments until breakthrough occurred. This was identified as the ebullition 279 
pressure.  280 
The air permeability was measured using different methods for the two specimens tested. For 281 
the unrinsed specimen under an effective confining stress of σ' = 20 kPa, the average air flow 282 
volume passing through the blanket over time was measured for a constant applied pressure 283 
difference. Specifically, the volume of air passing through the specimen was monitored over time 284 
by passing air from one reservoir to the other in the pressure control panel. The air permeability ka 285 
was then calculated as follows: 286 
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𝑘௔ = ቀ୕ಲೇ∆୔
ୌ
஺ 𝜇ቁ × ቀ10ଵଶ
ୢୟ୰ୡ୷
௠మ ቁ    (4) 287 
where Qav is the average volumetric flow rate of air, H is the height of the specimen, A is the 288 
specimen area, μ is the dynamic viscosity of air, and ∆P is the applied air pressure difference. The 289 
value of H for the unrinsed specimen was 0.006 m, A was 0.003 m2, and μ was 1.82×10-8 kPa·s. 290 
In the test on the rinsed specimen under an effective confining stress σ' = 5 kPa, the mass flow 291 
controller was used to apply a constant air flow rate across the specimen (after reaching the gas 292 
breakthrough pressure). The air pressure difference corresponding to this constant flow rate was 293 
then measured using the differential pressure transducer and the air permeability was calculated 294 
using Eq. (4). This approach was found to lead to more stable results than the other method and 295 
permits an evaluation of changes in air permeability for a range of gas flow rates.  296 
HYDRAULIC PROPERTIES OF ORGANOPHILIC CLAY BLANKETS 297 
Hydraulic Conductivity of Saturated Organophilic Clay Blankets 298 
The variation of hydraulic conductivities with time obtained from the flexible wall tests on the 299 
unrinsed and rinsed specimens under effective confining stresses of 20 and 5 kPa are shown in 300 
Figure 4. These results were obtained from the initial portion of the air permeability tests, where 301 
no high air-entry porous membrane was included to affect the flow process. The hydraulic 302 
conductivity of the unrinsed specimen ranged from 3.6 × 10-5 m/s to 3.2 × 10-6 m/s over time. The 303 
hydraulic conductivity was observed to continuously decrease during steady water flow through 304 
the saturated specimen, which is likely due to redistribution of the organophilic clay particles 305 
within the blanket. The test was stopped after approximately 4 days as a stable hydraulic 306 
conductivity value was not reached. For the rinsed specimen, the hydraulic conductivity ranged 307 
from 1.0 × 10-4 to 3.0 × 10-5 m/s, with a slightly lower decrease in hydraulic conductivity over 308 
time. The order of magnitude greater hydraulic conductivity range measured for the rinsed 309 
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specimen is attributed to both the rinsing process (which removed loose fine particles) and the 310 
lower effective confining stress (which leads to lower compression of the specimen).  311 
The system hydraulic conductivity of the saturated organophilic clay blanket atop the porous 312 
membrane was also measured to evaluate the impact of the porous membrane on the hydraulic 313 
conductivity. Specifically, at the beginning of the WRC tests, the hydraulic conductivity was 314 
calculated from Darcy’s law using the applied flow rate across the saturated assembly and the 315 
measured pressure gradient across the specimen and the membrane. It was found that a relatively 316 
high flow rate of 0.02 ml/s was required to establish a stable gradient, as shown in Figure 5 for the 317 
test on the unrinsed specimen. The average hydraulic conductivity of the system ranged from 318 
1.3 × 10-6 to 9.0 × 10-7 m/s. The hydraulic conductivity values in Figure 4(a) for the assembly 319 
including the porous membrane are two orders of magnitude lower for the organophilic clay 320 
blanket without a membrane. Although the porous membrane is very thin (0.05 mm), it does 321 
provide impedance to outflow.  322 
Outflow Measurement from Organophilic Clay Blankets  323 
The transient outflow during application of different suction increments is shown in Figure 324 
6(a) and 6(b) for the unrinsed and rinsed specimens, respectively. The results in these figures show 325 
that longer equilibrium times were required for the lower matric suction values, and that 326 
progressively shorter times were required for the higher matric suction values. This is because the 327 
most water was extracted at a suction of 3-4 kPa. Approximately 20 ml was withdrawn from the 328 
unrinsed specimen under a higher effective confining stress of 20 kPa after reaching a suction of 329 
approximately 16 kPa, while a greater amount of approximately 31 ml was withdrawn from the 330 
rinsed specimen under a lower effective stress of 5 kPa after reaching a suction of approximately 331 
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15 kPa. The greater outflow for the rinsed specimen is due to the higher porosity of the specimen 332 
associated with the lower effective confining stress.  333 
Next, the outflow from the specimen due to the application of a given suction increment was 334 
transformed using Gardner’s method, as shown in Figures 7(a) and 7(b) for the unrinsed and rinsed 335 
specimens, respectively. These normalized outflow curves were used to estimate the diffusivity 336 
values when calculating the hydraulic conductivity for each suction increment. The portions of the 337 
curves that are relatively linear before the steep drop were used to calculate the slope used in the 338 
diffusivity calculation. 339 
Water Retention Curves of Organophilic Clay Blankets 340 
The WRCs were calculated by first converting the outflow data to the degree of saturation 341 
using the thickness of the specimens under the applied effective confining stresses, then plotting 342 
this against the measured matric suction values in Figure 6. The WRC for the unrinsed specimen 343 
is shown in Figure 8(a) and the WRC for the rinsed specimen is shown in Figure 8(b), with circles 344 
denoting the equilibrium points at each applied matric suction value. The overall porosity of the 345 
unrinsed organophilic clay blanket was estimated to be 0.97, which is slightly lower than that of 346 
the nonwoven carrier geotextiles. The use of this porosity value corresponded well with the volume 347 
of water extracted from the specimen during the WCR test. The van Genuchten (1980) WRC model 348 
(Eq. 1) was fitted to the equilibrium points on the primary drainage (drying) path of the WRC. The 349 
parameters used to fit the model to the data are listed in Table 2. These parameters are consistent 350 
with those measured for geosynthetics (McCartney and Znidarčić 2010) and are similar to those 351 
of a coarse sand (Znidarčić et al. 1991).  352 
The most important value on the WRC for the purposes of gas flow through organophilic clay 353 
blankets is the air-entry suction (ψa), which is defined as the suction at which air starts to displace 354 
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water in an initially saturated organophilic clay blanket. The air-entry suction from the WRC for 355 
the unrinsed specimen in Figure 8(a) is approximately 0.68 kPa, while the air-entry suction from 356 
the WRC for the rinsed specimen in Figure 8(b) is approximately 0.60 kPa. A comparison of the 357 
fitted WRCs for the unrinsed and rinsed specimens is shown in Figure 8(c). The lower air-entry 358 
suction for the rinsed specimen is primarily attributed to the lower effective confining stress 359 
because rinsing likely only removed the fine particles. The fine particles are expected to affect the 360 
shape of the WRC at high suctions. Higher effective confining stresses are expected to compress 361 
the voids of the organophilic clay blanket, leading to a smaller pore size distribution and a shift in 362 
the WRC to the right that causes the air-entry suction to increase. However, the impact of effective 363 
confining stress on the air-entry suction is not so significant that the risk of uplift failure would 364 
increase (i.e., the increase in the air entry suction is much smaller than the increase in the effective 365 
confining stress).  366 
Hydraulic Conductivity Functions of Organophilic Clay Blankets 367 
The HCF data for the unrinsed and rinsed organophilic clay blanket under effective stresses of 368 
20 and 5 kPa are shown in Figures 9(a) and 9(b), respectively. The HCF data shows some scatter 369 
due to the variability in the outflow curves for the different suction values, but overall a clear 370 
decreasing trend with increasing suction is observed as expected. The effect of the high air-entry 371 
porous membrane on the system hydraulic conductivity was not removed from the data, although 372 
it can be assumed that the porous membrane has a constant hydraulic conductivity of 1.0 × 10-5 373 
m/s as it remained saturated throughout the test. The HCFs predicted from the parameters of the 374 
WRCs using the van Genuchten-Mualem model (van Genuchten 1980) (Eq. 2) are shown in both 375 
figures. A reasonable match is observed between the predicted HCF and the measured HCF data, 376 
with R-squared values of approximately 0.85. It is much easier to predict the HCF from the 377 
GEOSYNTHETICS INTERNATIONAL 
 
18
parameters of the WRC using Equation (2) than to measure it independently, so the reasonable 378 
match between the predicted and measured HCFs for organophilic clay blankets is a useful 379 
conclusion for practical analyses. Comparing the predicted HCFs in Figures 9(a) and 9(b), the HCF 380 
for the rinsed blanket with an effective confining stress of 5 kPa shows a wider range that starts 381 
from a higher hydraulic conductivity of 8.0 × 10-4 m/s. This is attributed to both the loss of fines 382 
during rinsing and the lower effective confining stress. 383 
AIR PERMEABILITY RESULTS 384 
The gas ebullition pressure was measured directly for the unrinsed and rinsed specimens by 385 
increasing the air pressure at the base of the specimen until reaching breakthrough (as detected by 386 
bubbles appearing in the tubing connected to the top of the specimen). Note that the high air-entry 387 
porous membrane was not used in the gas ebullition tests. In both tests, gas ebullition occurred at 388 
the same air pressure of 0.60 kPa. The magnitude of the gas ebullition pressure measured directly 389 
is the same as that inferred from the WRC of the rinsed specimen but is 0.08 kPa lower than that 390 
inferred from the WRC of the unrinsed specimen. The slightly lower gas ebullition pressure for 391 
the unrinsed specimen may have occurred due to preferential gas flow through a bundle of the 392 
needle-punched fibers or a thinner section of the organophilic clay. The role of preferential flow 393 
paths like these on the gas ebullition pressure may be different when slowly drawing water from 394 
the specimen during measurement of the WRC and when gradually increasing the gas pressure on 395 
the bottom boundary of the specimen. Nonetheless, the similarity of the gas ebullition pressures 396 
from the indirect and direct approaches confirms that both approaches may be used to obtain the 397 
gas ebullition pressures as part of a sediment capping permitting process.  398 
After reaching the gas ebullition pressure in the test on the unrinsed specimen, the gas pressure 399 
was maintained and the air flow volume as a function of time was measured by forcing water from 400 
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one reservoir into another. The air flow volume and pressure gradient measured as a function of 401 
time during this test are shown in Figure 10(a). Although the presentation of results in this figure 402 
makes it seem that there was a delay in the outflow of air after reaching breakthrough, the outflow 403 
data was not recorded until after 2 minutes for the first pressure difference of 0.6 kPa, and until 404 
after 8 minutes for the second pressure difference of 0.9 kPa. Air flow was occurring through the 405 
blanket throughout the 16-minute experiment. For the first pressure gradient, the air flow volume 406 
passing through the specimen was observed to be linear with time. When the pressure gradient was 407 
increased  a linear gas flow rate was wtill observed. The air flow rates and air pressure gradients 408 
at steady state are shown in Figure 10(b) for the two different applied air pressures. A linear 409 
relationship is observed, and the air permeability calculated from the results of both tests using Eq. 410 
(4) is 0.04 darcys.  411 
The air permeability of the rinsed specimen under a lower effective stress was measured by 412 
applying a constant gas flow rate using a mass flow controller while measuring the pressure 413 
difference across the specimen using the differential pressure transducer. Using a mass flow 414 
controller permits the air flow rate to be maintained at a constant level. The air flow rate and the 415 
measured pressure difference across the specimen are shown in Figure 11(a). The measured 416 
pressure difference was variable in the first part of the test (up to 2 hours) possibly due to capillary 417 
effects during initial desaturation of the organophilic clay blanket that caused bubbles to rise and 418 
fall in the tubing, resulting in the variable pressure differences. It is also possible that breakthrough 419 
occurred through only a single pore of the specimen (i.e., a large void in the organophilic clay or 420 
a bundle of needle-punched fibers), leading to a concentration of the air flow through only a portion 421 
of the specimen area. The air flow was stopped after 3.5 hours, and the air flow rates were repeated 422 
in stages. More stable results were observed after this point, indicating that air flow may have been 423 
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occurring through multiple pathways across the specimen area. The applied air rates and 424 
equilibrium values of pressure difference for the final set of stages starting after 3.78 hours are 425 
shown in Figure 11(b). A nonlinear trend is noted, different from that observed in Figure 11(b). 426 
The nonlinearity may be due to the opening of additional air pathways through the specimen for 427 
higher air flow rates. The air permeability measured during application of low air flow rates is 428 
approximately 0.24 darcys, while application of higher flow rates the air permeability decreases to 429 
approximately 0.08 darcys. The average air permeability over the entire range of air flow rates is 430 
0.16 darcys. The air permeability values measured in this test are 2 to 7 times greater than the value 431 
measured for the un-rinsed organophilic clay blanket under an effective stress of 20 kPa.  432 
CONCLUSIONS 433 
In this study, the air-entry pressure of initially water-saturated organophilic clay blankets was 434 
indirectly evaluated through the water retention curve and directly through ebullition experiments 435 
which also permit evaluation of gas permeability. This comparison was performed using tests on 436 
organophilic clay blanket specimens in the as-received condition under an effective confining 437 
stress of 20 kPa to represent a thicker overburden layer and in a rinsed condition to represent the 438 
case that loose fines are removed by water flow under a lower effective confining stress of 5 kPa 439 
to represent a thin overburden layer. A key conclusion from this study is that the indirect approach 440 
to estimate the air-entry suction from the WRC provides similar results to gas ebullition 441 
experiments. This is important as gas ebullition experiments are complicated to perform due to 442 
issues with side-wall leakage and the difficulty to consider the effects of flow through preferential 443 
pathways, so the availability of a reliable indirect method is useful in the development of 444 
specifications for organophilic clay barriers used in sediment capping systems.  445 
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The results from the indirect and direct approaches indicate that the organophilic clay blanket 446 
specimens have air-entry suctions between 0.60 and 0.68 kPa, with a slightly greater air-entry 447 
suction for the specimen under unrinsed conditions and a higher overburden stress. As rinsing 448 
likely affects the fines content in the blanket which is associated with the shape of the WRC at 449 
high suctions, it is assumed that the compression of the nonwoven geotextile fibers under the 450 
higher effective confining stress contributed to a more tightly-packed organophilic clay and denser 451 
geotextile fiber structure leading to the higher air-entry suction. This may imply that the use of 452 
thicker overburden and armor layers may have a slight negative effect on the air-entry suction and 453 
hydraulic properties, although the positive effects of a greater vertical effective stress outweigh 454 
the increase in the ebullition pressure. The results from both the direct and indirect approaches 455 
indicate that organophilic clay blankets should be used in conjunction with an overburden of coarse 456 
material that applies a vertical total stress greater than the blanket’s air-entry suction of 457 
approximately 0.6 kPa to prevent uplift of the blanket. This vertical total stress corresponds to the 458 
surcharge associated with a layer of poorly graded sand having a unit weight of 15 kN/m3 and a 459 
thickness of approximately 0.04 m. This thickness is relatively small, which is consistent with the 460 
goal of using a lightweight blanket in a sediment capping system. It should be emphasized that 461 
further testing is needed to evaluate possible changes in ebullition pressure if the organophilic clay 462 
blanket absorbs organic contaminants from the underlying sediment, which will lead to a reduction 463 
in the pore size distribution of the blanket.  464 
Although definitive conclusions regarding the independent effects of effective confining stress 465 
and rinsing due to the limited number of tests presented in this study, some preliminary conclusions 466 
can be drawn from the flow processes in the tests reported in this study. The hydraulic 467 
conductivities for both rinsed and unrinsed specimens in saturated conditions was observed to 468 
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decrease with time, with a greater decrease for the unrinsed specimen, likely due to redistribution 469 
of particles under the seepage force applied during testing. The hydraulic conductivity was not 470 
observed to stabilize after at least 4 days of steady flow. The rinsed specimen under a lower 471 
effective confining stress had a hydraulic conductivity that was two orders of magnitude greater 472 
than the unrinsed specimen under a higher effective confining stress. The results indicate that 473 
rinsing leads to a loss of some fines, causing an increase in hydraulic conductivity, while greater 474 
effective stresses lead to compression of the voids causing a decrease in hydraulic conductivity. 475 
Similar effects of effective stress were observed for the air permeability. The air permeability 476 
values for the rinsed specimen under a low effective confining stress are 2 to 7 times greater than 477 
the air permeability measured for the unrinsed specimen under an effective stress of 20 kPa.  478 
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NOTATION 482 
Basic SI units are given in parentheses. 483 
k Hydraulic conductivity under unsaturated conditions (m/s) 484 
ksat  Hydraulic conductivity under saturated conditions (m/s) 485 
Se Effective saturation (m3/m3) 486 
S Degree of saturation (m3/m3) 487 
Sres Residual saturation (m3/m3) 488 
αvg van Genuchten (1980) WRC model fitting parameter (kPa-1) 489 
nvG van Genuchten (1980) WRC model fitting parameter (dimensionless) 490 
m van Genuchten (1980) WRC model fitting parameter (dimensionless) 491 
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ψ Matric suction (kPa) 492 
ψ Air-entry suction (kPa) 493 
τ Tortuosity factor (dimensionless) 494 
V Outflow volume at a given time (m3) 495 
Vf Final outflow volume (m3) 496 
H Specimen height (m) 497 
γw  Unit weight of water (kN/m3) 498 
D Diffusivity (m2/s) 499 
θ Volumetric water content (m3/m3) 500 
θat Volumetric water content at saturation (m3/m3) 501 
θres Volumetric water content at saturation (m3/m3) 502 
σ' Effective confining stress 503 
Qav Average volumetric flowr ate of air (m3/s) 504 
ΔP  Applied pressure difference (kPa) 505 
ka Air permeability (darcys) 506 
A Specimen area (m2) 507 
μ Air viscosity (kPa-s) 508 
ABBREVIATIONS 509 
WRC  Water retention curve 510 
HCF  Hydraulic conductivity function 511 
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Table 1. Characteristics of the upper and lower carrier geotextiles of the organophilic clay 
blanket tested. 
 
Variable Units Nonwoven cap geotextile
Nonwoven carrier 
geotextile 
Color  White Black 
Gs, geotextiles  0.92 0.92 
Fiber density kg/m3 920 920 
Mass per unit area kg/m2 0.20 0.20 
Thickness mm 2.5 2.0 
Porosity  0.913 0.891 
 
 
 
Table 2. Hydraulic properties of organophilic clay blanket specimens measured under different 
effective stresses and rinsing conditions. 
 
Parameter Un-rinsed specimen Rinsed specimen 
σ′ (kPa) 20 5 
θsat for drying path 
WRC 0.97 0.99  
θres for drying path 
WRC 0.00 0.00 
αvG for drying path 
WRC (kPa-1) 0.78 1.20 
nvG for drying path 
WRC 2.46 2.50 
ksat under applied σ′ 
(m/s) 9.0×10
-7 3.0×10-5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Schematic of sediment capping. (a) Gas ebullition from the capping and (b) Uplift failure 
of an organophilic clay blanket installed atop river sediments due to gas ebullition effects. 
  
Armor  
Sand 
Contaminated 
sedimentBedrock 
Organophilic 
clay blanket 
(b) 
(a) 
Water 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Organophilic clay blanket. 
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Figure 3. Flow pump permeameter used for measurement of hydraulic properties of organophilic 
clay blankets: (a) Schematic; (b) Picture of setup. 
  
 
 
 
 
 
 
 
 
 
 
Figure 4. Hydraulic conductivity under saturated conditions as a function of time for unrinsed 
organophilic clay blanket with σ' = 20 kPa and rinsed organophilic clay blanket with σ' = 5 kPa. 
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Figure 5. Flow tests to measure the saturated hydraulic conductivity of the organophilic clay 
blanket and high air entry porous membrane assembly (unrinsed organophilic clay blanket with 
σ' = 20 kPa). 
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Figure 6. Outflow and suction as a function of time: (a) Unrinsed organophilic clay blanket with 
σ' = 20 kPa; (b) Rinsed organophilic clay blanket with σ' = 5 kPa. 
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Figure 7. Transformed transient outflow curves for different suction increments: (a) Unrinsed 
organophilic clay blanket with σ' = 20 kPa; (b) Rinsed organophilic clay blanket with σ' = 5 kPa. 
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  Figure 8. Experimental and fitted van Genuchten (1980) WRCs: (a) Test 1: Unrinsed 
organophilic clay blanket with σ' = 20 kPa; (b) Test 2: Rinsed organophilic clay blanket with 
σ' = 5 kPa; (c) Comparison of WRC curves for the two organophilic clay blanket specimens.
(b) 
(a) 
(c) 
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
0.01 0.1 1 10 100
De
gre
e o
f s
atu
rat
ion
Matric suction (kPa)
Test 1 - 20 kPa
Test 2 - 5 kPa
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
0.01 0.1 1 10 100
De
gre
e o
f s
atu
rat
ion
Matric suction (kPa)
Flow pump data
Equilibrium points
van Genuchten SWRC
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
0.01 0.1 1 10 100
De
gre
e o
f s
atu
rat
ion
Matric suction (kPa)
Flow pump data
Equilibrium points
van Genuchten SWRC
  
 
  
 
 
Figure 9. Comparison of the van Genuchten-Mualem (1980) HCF predicted from the SWRC with 
measured k data: (a) Unrinsed organophilic clay blanket with σ' = 20 kPa; (b) Rinsed organophilic 
clay blanket with σ' = 5 kPa. 
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Figure 10. Air permeability of an unrinsed organophilic clay blanket (σ' = 20 kPa) (a) Applied air 
flow volume and measured pressure difference across an unrinsed organophilic clay blanket as a 
function of time; (b) Air flow rates versus pressure differences at different steady-state conditions.  
  
(a) 
(b) 
0
20
40
60
80
100
120
140
0.0 0.5 1.0 1.5
Ai
r f
low
 ra
te 
(m
l/m
in)
Pressure difference (kPa)
Ka = 0.037 
darcys
0
100
200
300
400
500
600
-1.5
-1.2
-0.9
-0.6
-0.3
0.0
0 5 10 15 20
Flo
w 
vo
lum
e (
cm
3 )
Pre
ssu
re 
dif
fer
en
ce 
(kP
a)
Time (min)
Pressure difference
Low pressure
Higher pressure
Qa = 39 
cm3/min
Qa = 62.5 
cm3/min
 
 
 
 
Figure 11. Air permeability of a rinsed organophilic clay blanket (σ' = 5 kPa) (a) Air flow volume 
and pressure difference across a rinsed organophilic clay blanket as a function of time; 
(b) Equilibrium air flow rate versus pressure difference. 
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